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ABSTRACT 

The RNA exosome is responsible for a wide variety 
of RNA processing and degradation reactions. The 
activity and specificity of the RNA exosome is 
thought to be controlled by a number of cofactors. 
Mtr4 is an essential RNA-dependent adenosine 
triphosphatase that is required for all of the 
nuclear functions of the RNA exosome. The crystal 
structure of Mtr4 uncovered a domain that is 
conserved in the RNA exosome cofactors Mtr4 and 
Ski2 but not in other helicases, suggesting it has an 
important role related to exosome activation. Rrp6 
provides the nuclear exosome with one of its three 
nuclease activities, and previous findings suggested 
that the arch domain is specifically required for Rrp6 
functions. Here, we report that the genetic inter- 
actions between the arch domain of Mtr4 and Rrp6 
cannot be explained by the arch domain solely 
acting in Rrp6-dependent processing reactions. 
Specifically, we show that the arch domain is not 
required for all Rrp6 functions, and that the arch 
domain also functions independently of Rrp6. 
Finally, we show that the arch domain of Ski2, the 
cytoplasmic counterpart of Mtr4, is required for 
Ski2's function, thereby confirming that the arch 
domains of these cofactors function independently 
of Rrp6. 

INTRODUCTION 

RNA maturation from the primary transcript to the 
mature active molecule includes a variety of modifications 
and cleavages. Mistakes at any step in the maturation 
process result in aberrant RNAs that are generally 
targeted for rapid degradation. The eukaryotic RNA 
exosome is one of the ribonucleases required for 



maturation of a variety of RNAs and for the degradation 
of aberrant RNAs. Specifically, the exosome promotes the 
processing of the 5.8S ribosomal RNA (rRNA), as well as 
small nucleolar RNA (snoRNA) and snRNA precursors. 
Moreover, the exosome degrades byproducts of gene ex- 
pression, including the 5' external transcribed spacer 
(5' ETS) of pre-rRNA, introns and aberrant RNAs such 
as hypomodified transfer RNAs and messenger RNAs 
(mRNAs) that lack a stop codon (1-6). 

The core of the eukaryotic RNA exosome is composed 
of nine subunits (7-11). Each of the nine subunits is es- 
sential, but catalytically inactive. Rather than being 
directly responsible for catalysis, they are critical for the 
exosome structure and are predicted to interact with sub- 
strate RNAs. Six of these subunits form a trimer of 
heterodimers that produce a channel whereby RNA can 
enter (PH ring) (8,10,12). Three 'cap proteins' have 
conserved putative RNA-binding domains that cluster 
around the entry site into the PH ring (7,13,14). The 
exosome core associates with two ribonuclease subunits, 
Rrrp44 and Rrp6. Rrp44 is on the opposite side of the 
channel at the putative RNA exit side of the PH ring 
(15,16). The Rrp44 subunit has both endonuclease and 
exonuclease domains, and provides the exosome with its 
two catalytic functions. Rrp6 is present only in a subset of 
the exosome complexes and is restricted to the nucleus. It 
thus provides the nuclear form of the exosome with a third 
catalytic site (7). The available exosome X-ray structures 
do not include Rrp6, and how it is oriented relative to the 
PH ring and the Rrp44 active sites is currently unknown. 

The core subunits of the exosome are required for all 
exosome activities, but Rrp6 and a number of exosome 
cofactors are required for only a subset of its activities. 
Therefore, these cofactors appear to provide substrate spe- 
cificity to the RNA exosome. Among the cofactors, Mtr4 
and Ski2, collectively, are required for all exosome 
activities; Mtr4 is required for all of the nuclear functions, 
whereas Ski2 is required for all of the cytoplasmic func- 
tions. Mtr4 and Ski2 are related RNA-dependent 
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adenosine triphosphatases (ATPases) (3,17,18). Mtr4 is 
also one of the subunits of the TRAMP complex, and as 
part of TRAMP, Mtr4 is thought to be involved in the 
degradation of aberrant transcripts (19,20). TRAMP is 
composed of Mtr4, a non-canonical poly(A) polymerase 
(either Trf4 or Trf5) and a putative RNA-binding protein 
(either Airl or Air2) (19,20). Other exosome functions 
such as 5.8S rRNA maturation require Mtr4, but not 
the other TRAMP subunits (19). 

The crystal structures of Mtr4 and Ski2 have been 
solved (17,21,22). This revealed that Mtr4 shares two 
RecA domains, a winged helix domain and a C-terminal 
domain with the extended family of Ski2-like RNA and 
DNA helicases that are involved in a variety of cellular 
processes (21,22). We will refer to these four domains as 
the core helicase domains. In addition to these conserved 
helicase features, the Mtr4 and Ski2 structures revealed 
two features that appear to be restricted to these two 
exosome-associated RNA helicases (17,21,22). First, 
analysis of surface-exposed residues revealed a large 
conserved area that surrounds the site where the 3' end 
of the RNA emerges from the helicase core. The cap 
proteins of the exosome have a conserved surface similar 
in diameter, and we have speculated that the bottom of 
Mtr4 and Ski2 may form the binding site for the cap 
proteins of the exosome (21). The second Mtr4 feature 
that was resolved by the structure is a novel domain that 
is inserted into the winged helix domain and rises above 
the core helicase domains of Mtr4 on the RNA entry side 
(i.e. opposite to the conserved bottom surface). This 'arch' 
domain is conserved in all Mtr4 and Ski2 orthologs, but 
does adopt different conformations in the two published 
Mtr4 structures and in the Ski2 structure (17,21,22). The 
arch domain can be deleted from Mtr4 without any effect 
on its in vitro RNA-dependent ATPase or RNA-unwind- 
ing activity (21,22). In vivo, an mtr4-archless mutant com- 
plements an mtr4A but with a slow growth phenotype. 
The degradation of the 5' ETS and the processing of the 
5.8S rRNA are both defective in the mtr4-archless mutant 
(21). Comparison of the mtr4-archless defects with the 
phenotypes of strains lacking either Rrp44 endonuclease, 
Rrp44 exonuclease or Rrp6 exonuclease activities revealed 
a striking similarity between mtr4-archless and the rrp6A 
strains (21). We therefore previously suggested that the 
arch domain was required for Rrp6 function. 

Several questions remain regarding exosome and Mtr4 
function. What is the specific role of the arch domain of 
Mtr4 in terms of exosome-mediated processing and deg- 
radation? Is the arch restricted to recruiting Rrp6? To 
answer these questions we have analyzed the in vivo 
function of the Mtr4 arch domain in more detail. Here, 
we show that although the arch is necessary for specific 
Rrp6 functions, the arch has some functions independent 
of, and maybe redundant with, Rrp6. Additionally, 
although the arch domain is not required for the 
protein-protein interactions with the TRAMP complex 
subunit Trf5, the absence of the arch can affect Trf5 inter- 
action. Finally, we further confirm that the arch domain 
functions beyond Rrp6, by performing the first in vivo 
analysis of the ski2-archless mutant. 



MATERIALS AND METHODS 

Strains, oligonucleotides and plasmids used are described 
in Supplementary Tables S1-S3. Most of the experiments 
were performed in the BY4721 strain background. For 
the experiments where MTR4 was over-expressed in the 
rrp6A, we used a W303 strain background because the 
growth defect of rrp6A is more pronounced in W303. 

Yeast complementation assay 

MTR4 and mtr4-archless plasmids were introduced into 
the mtr4A strain and the rrp6A mtr4A strain through the 
plasmid shuffle as described in Jackson et al. 2010 (21). 

Growth suppression assay 

W303 and the isogenic rrp6A strain Y765 were obtained 
from Michael Rosbash and transformed with 2ji plasmids 
encoding Mtr4 and archless Mtr4 (pAV716 and pAV717, 
respectively) with the URA3 selectable marker. 
Transformants were selected on plates lacking uracil 
(SC-URA). Single colonies were picked and grown over- 
night at 30° C. The liquid cultures were then serially 
diluted 1:5 and spotted onto SC-URA plates. Plates 
were then placed at 22°C, 30°C or 37°C. 

Northern blot analysis 

Single clones of each of the strains transformed with the 
MTR4 and mtr4-archless plasmid were streaked onto 
5-Fluoroorotic Acid (5-FOA) plates. A patch of cells 
was grown in liquid overnight at 30° C in yeast peptone 
and dextrose liquid media (YPD). For the over-expression 
experiment, cells were streaked and grown in SC-URA 
plates and liquid media. Cultures were diluted to an 
OD 6 oo of 0.2 in 40 ml of media and allowed to double 
twice. Cells were pelleted and frozen when they reached 
and OD 6 oo of 0.8. Total RNA was isolated, loaded onto 
urea polyacrylamide gels and transferred to a nylon 
membrane. The membrane was probed with 5'- 32 P- 
labeled nucleotides for the RNA-specific defects. As a 
loading control, the RNA subunit of the signal recogni- 
tion particle (oAV224) was used. 

Western blot analysis 

Cells were obtained as explained in northern blot analysis, 
except only 20 ml of liquid media was used to grow the 
cells. Strains cured with 5-FOA were grown in YPD, and 
strains over-expressing Mtr4/Mtr4-archless were grown in 
SC-URA liquid media. Protein was obtained using the 
glass bead method (23), resolved in a 12% sodium 
dodecyl sulphate-polyacrylamide gel and transferred to a 
nitrocellulose membrane. The blot was analyzed using 
antibodies against Mtr4 (3) at a 1:5000 dilution or 
against the myc epitope (gifted by Eric J. Wagner) at a 
1:1000 dilution. Antibodies against Pgkl at a 1:10 000 
dilution were used as a protein loading control 
(Molecular Probes). 

Yeast two-hybrid (Y2H) assay 

Yeast strain PJ69-4a was transformed with either pAV744 
(Trf5) or pAV705 (empty vector). Transformants were 
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selected on plates lacking leucine (SC-LEU). Single clones 
were streaked onto fresh SC-LEU plates. Likewise, 
PJ69-4oc was transformed with pAV745 (Mtr4), pAV746 
(Mtr4-archless) and pAV704 (empty vector) and streaked 
onto plates lacking tryptophan (SC-TRP). Single clones of 
transformants were mated with each respective tester 
strain. Briefly, PJ69-4a[pAV744] was crossed to 
PJ69-4oc[pAV746] to determine whether Trf5 interacts 
with archless Mtr4. After mating, diploids were selected 
for in plates lacking both leucine and tryptophan 
(SC-LEU-TRP). Diploids were grown overnight at 30° C 
in liquid SC-LEU-TRP media. Liquid cultures were then 
serially diluted and spotted onto media lacking adenine 
and media lacking histidine (SC-ADE and SC-HIS, re- 
spectively) to screen for interaction as described previ- 
ously in (24), and control media (SC-LEU-TRP). 
Growth was assessed at 4 and 8 days. SC-HIS plates con- 
taining lOmM 3-aminotriazole (3-AT) were used. 
A positive control for the yeast two-hybrid (Y2H) 
method was assessed from the interaction between Mec3 
and Radl7 DNA damage checkpoint proteins that form a 
complex. Negative controls involved Y2H analysis with 
tester proteins against an empty vector. 

For (3-gal readings, the diploid Y2H strains were grown 
overnight at 30° C, diluted to 0.15 OD 60 o the next day and 
allowed to double twice. (3-Gal activity was quantitated 
using the Beta-Glo reagent (Promega) as per manufac- 
turers instructions and a Synergy MX automated 
microplate reader. 

His3-nonstop (His3-ns) growth assay 

The His3-nonstop (His3-ns) growth assay was performed 
as previously described (25). Briefly, a ski2A (yAV517) 
strain was transformed with the His3-ns reporter 
(p AVI 88). His3-ns reporter lacks in-frame stop codons 
and encodes for the His3 protein (25). The ski2A 
[p AVI 88] cells were then transformed with pAV878 
(SKI2), pAV879 (ski2-archless) or pRS415 (empty 
vector). The ski2A [pAV188] [pAV878/pAV879/pRS415] 
cells were serially diluted and replica plated onto plates 
with media lacking histidine and control plates to select 
for double transformants (i.e. SC-LEU-URA). 

Synthetic lethality growth assay 

yAV225 (dcpl-2/ski2A) was transformed with pAV876 
(SKI2), pAV877 (ski2-archless) and pRS414 (empty 
vector with TRP maker). Transformations were plated 
at room temperature (20° C). Single colonies of the 
transformants were selected, serially diluted and pronged 
onto SC-TRP plates. Replica plates were placed at 20°C, 
30°C and 37°C. 

RESULTS 

The arch domain of Mtr4 is not required for all 
Rrp6 functions 

We have previously shown that mtr4-archless has RNA 
processing and degradation defects that resemble those 
in an rrp6A strain. An interesting hypothesis was that 



the arch domain of Mtr4 was required for all Rrp6 func- 
tions. To test whether all of the Rrp6 functions require the 
arch domain of Mtr4, we analyzed the snoRNA snR33. 
snoRNA processing requires the core exosome and Rrp6 
in separate steps. In rrp6A strains, many snoRNAs are 
extended by three or four nucleotides. Some of these 
extra nucleotides are encoded in the snoRNA gene, 
whereas others are added by the TRAMP complex 
(2,5,26). In addition to these rr/?(5-specific short 3' exten- 
sions, several different mutations in the core exosome, as 
well as rrp6A, lead to snoRNA species that carry longer 
encoded 3' extensions, and some of these 3' extended 
species are polyadenylated in a process that requires 
both TRAMP and Papl (2,5,26,27). To test whether 
either catalytic activity of Rrp44 was involved in 
snoRNA processing, we analyzed mutants with a point 
mutation in the Rrp44 exonuclease site (the rrp44-exo~ 
mutant) or with a point mutation in the Rrp44 endonucle- 
ase site (the rrp44-endo~ mutant). Figure 1 shows that 
rrp44-exo~ accumulates long 3' extended snR33 species, 
whereas the rrp44-endo~ mutant has no defect in the mat- 
uration of snR33. Unlike what was seen for 5.8S rRNA 
processing and 5' ETS degradation, the effect of 
mtr4-archless on processing of snR33 does not resemble 
the effect of rrp6A. The mtr 4 -archless strain does not ac- 
cumulate snoRNAs with 2-3 nt extensions or long 
polyadenylated snoRNAs. We conclude that the arch 
domain of Mtr4 is only required for specific Rrp6 
functions. 

Synthetic defects indicate that the arch domain of Mtr4 
can function independently of Rrp6 

To further resolve the relation between the functions of 
the arch domain and Rrp6, we used a genetic analysis and 
compared growth of the rrp6A and mtr4-archless mutants 
with the growth of an rrp6A mtr 4- archless double mutant. 
To do this, we transformed isogenic mtr4A and mtr4A 
rrp6A strains that contained an MTR4 URA3 plasmid 
with LEU2 plasmids that contained either MTR4, 
mtr4-archless or an empty vector. These double 
transformants were then serially diluted and spotted 
onto 5-FOA-containing media to select for cells that had 
lost the MTR4 URA3 plasmid. Two observations suggest 
that the slow growth of mtr4-archless is not caused by a 
defect in Rrp6 activation. First, if the slow growth of 
mtr4-archless was caused by reduced activity of Rrp6, 
then rrp6A should lead to a growth defect at least as 
severe as mtr4-archless. We did not observe this, and 
instead, the mtr4-archless growth defect is much more 
severe than that of rrp6A (compare the 2nd and 
4th rows of Figure 2). Second, the hypothesis that the 
arch is needed to assist Rrp6 predicts that deleting 
the arch in a strain already lacking Rrp6 would have no 
additional phenotypic effect. Instead, the rrp6A 
mtr4-archless double mutant grows much slower than 
either of the single mutants (compare row 5 of Figure 2 
to rows 2 and 4). This synthetic growth defect indicates 
that the arch domain of Mtr4 and Rrp6 has overlapping 
functions, but that each can function independently of the 
other. 
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We have previously shown that mtr4-archless and rrp6A 
result in similar 5.8S rRNA processing defects. 
Specifically, both these mutants accumulate a 5.8S 
rRNA processing intermediate that retains ~30 nt of its 
y extension. To test whether the synthetic growth defect 
of an rrp6A mtr4-archless mutant was related to this 
shared rRNA processing defect, we compared 5.8S 
rRNA processing in the double mutant with that in both 
single mutants by northern blot analysis. Figure 3 shows 
that the 5.8S rRNA defect in the double mutant is no 




Figure 1. mtr4-archless and rrp6A have distinct effects on snoRNA 
processing. RNA was isolated from each of the strains indicated and 
analyzed by northern blotting of a urea polyacrylamide gel. The blot 
was perform using the probes complementary to the mature version of 
snR33 (middle panel), sequences downstream of the mature snR33 (top 
panel) and SRP for loading control (bottom panel), described in the 
oligonucleotide table. 
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mtr4A 



mtr4A/rrp6A 



plasmid 
MTR4 
mtr4-archless 
empty vector 

MTR4 
mtr4-archless 
empty vector 



5-FOA 



control 




Figure 2. mtr4-archless and rrp6A have a synthetic growth defect. The 
mtr4A [MTR4, URA3] and mtr4A rrp6A [MTR4, URA3] strains were 
each transformed with plasmids encoding either Mtr4, Mtr4-archless or 
empty vector with the LEU2 selectable marker. Transformants were 
serially diluted and spotted onto 5-FOA media and control plate 
(SC-LEU-URA), and growth was assessed. Medium with 5-FOA 
selects for cells that have lost the URA3 plasmid (namely the WT 
copy of the MTR4). Therefore, only the MTR4 alleles that support 
viability will grow on 5-FOA. 



more severe than in the single mutants. This is consistent 
with the suggestion that the arch domain and Rrp6 act in 
the same pathway, and indicates that the slower growth of 
the double mutant is not correlated with worsening of this 
processing defect. Overall, the results of the double 
mutant analysis suggest that the arch domain of Mtr4 
and Rrp6 function in similar pathways, but there is not 
a complete overlap of these functions. 

Over-expression of the core domains of Mtr4 is sufficient 
to suppress the growth defect of vvp6A 

Previously, a high-copy suppressor screen showed that ex- 
pressing Mtr4 from a high-copy plasmid reduced the 
growth defect of the rrp6A strain (28). To further under- 
stand the genetic interactions between RRP6 and MTR4, 
we analyzed whether this high-copy suppression required 
the arch domain of Mtr4. The high-copy suppressor screen 
was done in a different yeast background strain (W303) 
from the one used in our previous experiments (BY4742) 
because rrp6A in W303 results in a much more severe 
growth defect. Particularly, the rrp6A strain in the W303 
background grows slowly at both 37°C and at room tem- 
perature. Thus, to fully understand the genetic inter- 
actions between rrp6A and mtr4-archless, we expressed 
either wild-type MTR4 or mtr4-archless from a high- 
copy plasmid in the wild-type and rrp6A W303 strain. 
Transformants were serially diluted, spotted onto plates 
and incubated at room temperature (20° C), 30° C and 
37°C on media lacking uracil to select for transformants 
with the high-copy plasmid. Figure 4 shows that over- 
expression of wild-type and archless Mtr4 fully suppresses 



5.8S+30 



5.8S mature 




SRP 



Figure 3. The 5.8S rRNA processing defects of mtr 4 '-archless and 
rrp6A are not additive. RNA was isolated from each of the strains 
indicated and analyzed by northern blotting of a urea polyacrylamide 
gel. Two rrp6A strains are included; lane 3 is an rrp6A MTR4 strain, 
whereas lane 4 is an rrp6A mtr4A strain complemented with an MTR4 
plasmid for direct comparison with lane 5. Northern blot was per- 
formed using the probes complementary to 5.8S rRNA and SRP for 
loading control. 
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the growth defect of rrp6A at the non-permissive tempera- 
ture, indicating that the arch domain is not necessary to 
restore the specific Rrp6-dependent functions that 
promote growth at the non-permissive temperature. The 
western blot in Figure 4b confirms that both Mtr4 and 
Mtr4-archless are over-expressed at similar levels in this 
yeast strain. 



fifth and sixth lanes in Figure 5a and b). Overall, our 
results suggest that over-expressing Mtr4 in rrp6A does 
not affect the accumulation of snoRNA species with 
short y extensions but does suppress the accumulation 
of longer 3' extended species. Over-expressing mtr4- 
archless does so to a smaller extent but must suppress 
some other defects sufficiently to fully restore growth. 



Over-expression of Mtr4 restores specific vvp6A RNA 
defects 

It was previously reported that although over-expressing 
Mtr4 suppresses the growth defect in an rrp6A , it does not 
restore the defects in processing 5.8S rRNA and the 
snoRNA snR38. To determine whether other functions 
were restored in the rrp6A strain with each of the over- 
expressed Mtr4 versions, we performed northern blot 
analysis. Total RNA was isolated from transformants 
for each of these strains: rrp6A over-expressing Mtr4, 
rrp6A over-expressing Mtr4-archless and rrp6A with a 
high-copy empty vector. Additionally, control strains 
that had the wild-type RRP6 gene transformed with 
each of the high-copy plasmids (WT MTR4, mtr4-archless 
and empty vector) were analyzed. Over-expression of 
Mtr4 in the rrp6A strain did not affect the accumulation 
of 5.8S + 30 rRNA or snR38 with short 3' extensions, as 
previously reported (29). However, in these same strains, 
the accumulation of longer polyadenylated forms of 
snR33 was almost completely suppressed (Figure 5b, 
compare fourth and fifth lanes), and accumulation of 5' 
ETS degradation intermediates was partially suppressed 
(Figure 5a, compare fourth and fifth lanes). Over-express- 
ing mtr4-archless reduced the rrp6A defects to a lesser 
extent than over-expressing wild-type Mtr4 (compare 
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Figure 4. Over-expression of the core helicase domains of Mtr4 is suf- 
ficient to suppress the growth defect of an rrp6A mutant, (a) Wild-type 
and rrp6A strains in the W303 background strain were each trans- 
formed with 2)i (high-copy) plasmids encoding Mtr4, Mtr4-archless 
and empty vector. Transformants were serially diluted and spotted 
onto media selecting for the 2ji plasmid at the non-permissive tempera- 
tures, 20° C and 37° C, or at the permissive temperature 30° C. 
(b) Western blot analysis confirms that Mtr4 and Mtr4-archless are 
over-expressed at similar levels. 



The arch domain of Ski2 is required to promote the 
cytoplasmic functions of the exosome 

Although Ski2 and Mtr4 homology includes both the core 
helicase domains and the arch domain, the sequence simi- 
larity between the two arch domains is low. Moreover, it is 
not known whether the arch domain of Ski2 is functional. 
Like in Mtr4, in vitro activities of Ski2-archless are similar 
to the wild-type enzyme, including the capacity to form a 
Ski complex with Ski3 and Ski8 (17). Importantly, Ski2 
function is independent of Rrp6, and therefore, if the arch 
domain of Ski2 is functional, it must function independ- 
ently of Rrp6. Ski2 localizes to the cytoplasm, therefore 
only promoting the cytoplasmic functions of the exosome, 
which in turn are independent of the nuclear Rrp6. To 
investigate the role of the arch domain in one of the cyto- 
plasmic functions of the exosome, we performed two dif- 
ferent assays. First, Ski2 is required for one of the two 
redundant pathways for mRNA decay. Mutations that 
disrupt SKI2 function are synthetically lethal with muta- 
tions that inactivate the decapping enzyme. Therefore, we 
analyzed whether ski2-archless could rescue the synthetic 
lethality of the dcpl-2 ski2A strain, which contains a tem- 
perature-sensitive mutation that inactivates the decapping 
enzyme (30). As shown in Figure 6, the dcpl-2 ski2A syn- 
thetic lethality can not be rescued by the ski2-archless 
plasmid. Importantly, western blotting indicated that 
Ski2-archless is expressed at levels similar to wild-type 
Ski2. 

The second assay for Ski2 function is based on the pref- 
erential degradation of mRNAs that lack a stop codon 
(nonstop mRNAs) by the cytoplasmic exosome. A strain 
with SKI2 deleted in the chromosome was first transformed 
with the His3-ns reporter plasmid and then with either the 
SKI2, ski2-archless or empty vector plasmids. In cells with a 
defect in nonstop decay such as in a ski2A, the His3-ns 
reporter is stable, and such cells are able grow in media 
lacking histidine. Conversely, cells with a functional Ski2 
quickly degrade the aberrant His3-ns mRNA, thereby 
unable to grow in media lacking the amino acid. The 
His3-ns growth assay in Figure 6 shows growth in cells 
expressing the Ski2-archless mutant in plates lacking histi- 
dine (non-stop assay, left panel). These two assays indicate 
that the arch domain of Ski2 is essential for both exosome- 
mediated functions, nonstop degradation and normal 
mRNA decay, consistent with the idea that arch domains 
can act independent of Rrp6 (31). 

The arch domain of Mtr4 is not required for Trf5 
interaction in vivo, but may modulate Trf5-Mtr4 
interaction 

Mtr4 is a subunit of the TRAMP complex but also has 
TRAMP-independent functions. Previous in vitro 
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Figure 5. Over-expression of Mtr4 restores specific rrp6A defects. RNA was isolated from the WT and the rrp6A strains transformed with high-copy 
plasmids (described in Figure 4). Northern blot was performed using the oligonucleotide probes against (a) 5 ; ETS, 5.8S rRNA, (b) pre-snR33, 
mature snR33, snR38 and SRP described in the oligonucleotide table. 



reconstitution and co-immunoprecipitation assays did not 
reveal a role for the arch domain in TRAMP complex 
formation (22,28). The TRAMP complex was initially 
identified because the Trf4 and Trf5 subunits were 
isolated in a Y2H screen using Mtr4 as bait (19). 
Therefore, we used this assay to test whether the arch 
domain of Mtr4 was required for Trf5 interaction 
in vivo. Trf5's Mtr4-binding region was fused to the acti- 
vation domain of the Gal4 transcription factor, whereas 
full-length Mtr4 and Mtr4-archless were independently 
fused to the Gal4 DNA-binding domain. Growth on 
plates lacking adenine or histidine indicated that there is 
positive interaction between Trf5 and Mtr4 even when the 
arch is removed (Figure 7). Thus, as seen in vitro, the arch 
domain is not required for in vivo interaction with Trf5. 
Surprisingly, the Mtr4-archless construct provided a more 
robust Y2H interaction than wild-type Mtr4. The activa- 
tion of the HIS3 reporter gene in Y2H can be assayed 
semi-quantitatively on plates containing different concen- 
trations of 3-AT, which is a competitive inhibitor of the 
His3 enzyme. Using this approach, the Y2H interaction 
between Trf5 and Mtr4 resulted in growth on plates con- 
taining 25 mM, but not 50 mM, 3-AT. Under identical 
conditions, the interaction between Trf5 and 
Mtr4-archless was sufficient to provide growth at up to 
lOOmM 3-AT (data not shown). Additionally, the LacZ 
reporter gene of the Y2H strains was activated 3-fold 
more by the Mtr4-archless-Trf5 interaction than the 
full-length Mtr4-Trf5 interaction (Figure 7). A stronger 
Y2H interaction can be caused by differences in 



expression level of the hybrid proteins or by a difference 
in the strength of the interaction. Using western blot 
analysis with anti-Mtr4 antibodies, we confirmed that 
the Gal4-AD-Mtr4 and Gal4-AD-Mtr4-archless proteins 
are expressed at similar levels, suggesting that the Mtr4- 
archless protein interacts better with Trf5 in the 
Y2H assay. As no change in TRAMP complex formation 
was observed in in vitro reconstitution or co- 
immunoprecipitation assays (22,28), the enhanced Y2H 
interaction is unlikely due to a direct change in binding 
affinity and may reflect involvement of additional proteins 
not stably associated with TRAMP. 



DISCUSSION 

The crystal structure of Mtr4 revealed a novel arch 
domain (21,22). In vitro analysis of Mtr4 lacking this 
domain showed that the arch domain was not required 
for RNA-dependent ATPase activity, RNA helicase activ- 
ity or TRAMP complex formation (21,22). However, 
initial in vivo experiments indicated that mtr4-archless 
had similar effects to rrp6A (21). Based on that observa- 
tion, the arch domain was proposed to help make RNA 
substrate accessible to Rrp6, possibly by removal of the 
RNA from the core exosome (21). Here, we present a 
more complete description of the genetic interactions 
between mtr4-archless and rrp6A. Several in vivo effects 
can not be fully explained by the previous hypothesis, sug- 
gesting that the arch domain has additional functions in- 
dependent of Rrp6. 
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Figure 6. The arch domain of Ski2 is required for the degradation of 
normal and nonstop mRNAs by the exosome. (a) The dcpl-2 ski2A 
strain was transformed with SKI2, ski2-archless and empty plasmids 
and grown at either permissive or restrictive temperature (20° C and 
37°C, respectively) to assay for defects in general mRNA decay, 
(b) The ski2A strain was transformed with his3-ns reporter and SKI2, 
ski2-archless and empty vector constructs. The nonstop assay plate 
lacks histidine, and growth indicates a defective nonstop decay 
pathway. In both assays, the growth from Ski2-archless resembles the 
empty vector control, indicating a defect in nonstop mRNA degrad- 
ation by the exosome. (c) Western blotting with a myc antibody was 
used to show that Ski2-archless is expressed at similar levels to 
wild-type Ski2. 



First, we show that mtr4-archless and rrp6A have dif- 
ferent effects on snoRNA maturation. The rrp6A mutant 
has previously been shown to accumulate distinct species 
of snoRNAs with 3' extensions. rrp6A mutants accumu- 
late snoRNAs with short extensions that can include a few 
A residues added by the TRAMP complex. Additionally, 
the rrp6A strain and other exosome mutants also accumu- 
late some longer 3' extended snoRNA species that can be 
polyadenylated (2,5). In contrast to rrp6A, the 
mtr4-archless mutation does not cause the accumulation 
of either species. Therefore, Rrp6 performs these functions 
without requiring the arch domain of Mtr4. 

Second, we describe a synthetic growth defect between 
mtr4-archless and rrp6A, indicating that the arch domain 
of Mtr4 and Rrp6 can both function in the absence of each 
other. Specifically, if the sole function of the arch domain 
was to mediate Rrp6 function, deletion of the arch domain 
should have no further effect in rrp6A. The previously 
described 5.8S rRNA processing defect in rrp6A and 
mtr4-archless was no worse in the double mutant, consist- 
ent with the idea that the arch domain and Rrp6 act 
together in one pathway, but the more severe growth 
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Figure 7. The arch domain of Mtr4 is not required for the Trf5-Mtr4 
binding in vivo, (a) Y2H analysis was performed as explained in the 
'Materials and Methods' section. Growth on SC-ADE and 
SC-HIS+lOmM 3- AT indicates the physical interaction between the 
proteins tested. Empty vector were used against each of the proteins 
tested to control for auto activation, (b) Quantitation of |3-galactosidase 
expression. Plotted is the mean and standard deviation of triplicate 
cultures. The background reading obtained with empty vectors of 
pOAD and pOBD was subtracted, (c) Western blot analysis confirms 
the similar expression levels between Mtr4 and Mtr4-archless in the 
Y2H strains. 



defect of the double mutant suggests that the arch 
domain has some other Rrp6-independent function. 

Third, we show that over-expressing either full-length 
Mtr4 or Mtr4-archless can suppress the growth defect of 
rrp6A, suggesting that the function of the core helicase 
domains of Mtr4 also functionally overlaps with the 
function of Rrp6. Mtr4 was previously isolated as a 
high-copy suppressor of rrp6A, indicating that Mtr4 has 
some function that overlaps with that of Rrp6, and that 
Mtr4 can perform that function in the absence of Rrp6. 
We show that over-expression of Mtr4-archless also fully 
suppresses the growth defect of rrp6A. It was previously 
reported that Mtr4 over-expression did not suppress the 
accumulation of 5.8S + 30 rRNA or the snoRNAs with 
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short TRAMP-generated 3' extensions. We confirm this, 
but also show that Mtr4 does suppress some other pro- 
cessing defect of rrp6A, including the accumulation of 
snoRNAs with long poly(A) tails and 5' ETS degradation 
intermediates. Mtr4-archless partially suppresses these 
same defects. This implies that not only do the functions 
of the arch domain and Rrp6 overlap but also the func- 
tions of the core helicase domains on Mtr4 and Rrp6 
overlap. 

Finally, we identified that, like Mtr4, the arch domain 
of Ski2 is important to promote exosome functions. 
Ski2-archless mutant is not able to stimulate normal and 
nonstop mRNA degradation by the exosome. This 
suggests that the arch domains of Mtr4 and Ski2 may 
have similar roles in assisting some function of the core 
exosome. 

Overall, our genetic and molecular experiments indicate 
that Rrp6, the arch domain of Mtr4, and the core helicase 
domains of Mtr4 interact in different and possibly 
overlapping pathways that can not currently be explained 
by one simple model. Instead, we suggest that Mtr4 uses 
its arch domain and RNA-dependent ATPase activity pro- 
miscuously to modulate multiple RNA and protein inter- 
actions during RNA exosome processing and degradation 
rather than for one specific rearrangement. 
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